here include direct quantitative imaging of cyclic displacements as small as 100 nm, a freely oriented field of view unencumbered by the "acoustic window" required for ultrasound-based techniques, and the ability to study strain-wave propagation in a dynamic fashion. The flexibility of NMR methodology allows the motion-sensitizing gradient to be placed along any axis, so that with multiple acquisitions it is, in principle, feasible to estimate all components of the strain dyadic.
Two general fields of application for this technique are anticipated. The first is the study and visualization of strain-wave propagation within objects or materials that can be imaged with MRI. In principle, the method can depict the spatial patterns of wave propagation characteristics such as divergence, scatter, attenuation, interference, diffraction, and dispersion. If at least one full cycle of mechanical excitation is applied within the TE interval of the NMR sequence, then the practical low frequency limit is -10 Hz. The upper frequency limit is determined by the maximum slew rate of the gradient system of the imager and is in the range of 1 to 2 kHz if the motion-sensitizing gradient oscillates at the same frequency as the mechanical excitation. Our experiments have shown that we can image mechanicalexcitation wave forms ranging from continuous waves to repeated short wave trains or even single cycles of mechanical excitation repeated each TR cycle.
A second general area of application is to apply mechanical strain wave excitation to interrogate the properties of materials within a heterogeneous object. Elastic moduli are of special interest in the context of medical applications. For (13) , is effectively immobilized on polysulphone membranes. Our experimental method is based on the precision loading of this catalyst onto the membranes with an ink jet printer (14) . Patterns were generated as black and white images by a commercial graphics program, which were then printed with the catalyst solution on the polysulphone membranes. Following Noszticzius (12) , the ready-to-use membranes were placed on agarose gels containing BZ solution (15) , which provided a continuous supply of reactants to the catalyst-loaded regions without hydrodynamic disturbances of the wave activity. The wave behavior was monitored by measuring the reflected B C Fig The positions of the waves, obtained by subtraction of successive video frames, were superimposed on the background image, with white assigned to the wave front and black assigned to the wave back. Spiral waves in (A) and (B) occurred spontaneously, whereas the wave in (C) was initiated by contacting the membrane with a silver wire. 1858 light (wavelength X = 500 nm) from the medium with a charge-coupled device (CCD) video camera.
Wave propagation was studied on various catalyst-loaded membranes, each printed with a different pattern. A checkerboard arrangement of triangular cells gave rise to hexagonal wave geometry (Fig. 1A) . Similarly, diamond-shaped wave structures developed on cross-hatched linear grids, and deformations of higher complexity occurred on less symmetrical patterns. A nonlinear catalyst grid of superimposed parallel lines and vertically shifted circle segments (Fig.  1B ) gave rise to a distorted diamond geometry with the left corner following a specific arc. Video frame sequences demonstrated that the spiral tips in Fig. 1, A aind B, rotated around particular catalyst-free cells on the membrane, effectively pinning the spiral waves. A similar pinning of spiral waves in heart tissue to anatomical discontinuities such as small arteries has been reported (4).
Wave patterns with approximately fivefold symmetry may occur in catalyst grids consisting of superimposed arrays of shifted circular arcs (Fig. 1C) . The pentagonal shape has four prominent corners that coincide with two catalyst-loaded arcs. The intersection of these arcs is close to the point of wave initiation. The fifth, somewhat smoother corner is directed along the unique symmetry axis of the catalyst pattern (toward the upper right).
We carried out numerical simulations of the wave behavior using the Tyson-Fife model (16, 17) of the BZ reaction, modified to reflect the features of the patterned medium. The model has the form du
where the variables u and v describe the scaled concentrations of the propagator species HBrO2 and the controller species bathoferriin, respectively. Catalyst-free regions on the membrane were modeled by omitting the equation for v and all terms in f(u, v) that involve the catalyst (17) . This allows the propagator species u to penetrate catalyst-free regions even though these areas do not support active wave propagation. While the experimental measurements yield information about the wave propagation based on the bathoferriin concentration, the numerical simulations can provide insights in terms of the autocatalytic species HBrO2. A grid of triangular cells ( Fig. 2A) gives rise to a hexagonal wave pattern much like the experimentally measured waves (Fig. lA) . As in the experiment, the rotating spiral tips are pinned to specific catalyst-free cells. The pentagonal wave arising from a grid of superimposed arrays of shifted circular arcs (Fig. 2B) is also in good agreement with the corresponding experimental wave pattern (Fig. 1C) . Elevated levels of u appear in catalyst-free cells behind the waves in both simulations (Fig. 2) . These islands of autocatalyst are not able to initiate additional waves, however, because they are surrounded by catalyst-loaded cells in the refractory state (18) . It is possible that such regions of elevated u are relevant to the appearance of "echo waves" in the trailing edge of a wave, a phenomenon observed in heart tissue (19 can be deduced by determining paths along the catalyst-loaded cells of equal distance from the wave origin. Waves propagating along continuous lines of the catalyst grid therefore form corners of the pattern, and the most circuitous routes form the least advanced edges. In addition, the diffusion of HBrO2 into the catalyst-free cells and its flux into neighboring catalyst-loaded cells provide a mechanism for wave transmission across the barriers. In experiments with catalyst-loaded squares separated by catalystfree strips, continuous wave patterns formed across the array despite the unexcitable barriers (20) . The extent of wave transmission across the catalyst-free regions depended on excitability and barrier width, with the corresponding wave geometries ranging from sharply polygonal to the familiar circles and spirals of homogeneous media.
Experiments were carried out to examine wave behavior in media containing random heterogeneities (Fig. 3A) . Patterns were printed with a catalyst dot density linearly increasing from 0.1 to 1.0. The dot density was equally incremented each printed line for 300 lines, with the dots in each line placed according to a random number generator. The random heterogeneities were on a much finer scale than the patterns described above because they occurred dot-wise, close to the resolution of the printer. On the left side of the membrane (Fig. 3A) , the dot density is insufficient to support wave activity. Irregular waves are exhibited between a density of about 0.3 and 0.5, below which only fleeting spots of excitation are found. The waves become regular at a dot density greater than about 0.6. Qualitatively similar behavior was found with reactant solutions of lower excitability (containing a lower sulfuric acid concentration), where the transition from irregular to regular behavior occurred at higher dot density. The wave segments in regions of intermediate dot density tended to serve as high-frequency sources, eventually entraining the behavior in the higher density regions. This entrainment resulted in overall wave propagation from regions of low dot density to high dot density (from left to right in Fig. 3) . Figure 3 , B and C, shows successive images of the simulated behavior, with regions of elevated u within the contour curves (21) . At very low dot density, regions of excitation appear but are ineffective in initiating waves. At an intermediate dot density between 0.3 and 0.4, larger regions of excitation form broken wave segments that serve as wave sources as they undergo spirallike rotation. Waves also emanate from symmetrical pacemakers in this region. The waves become regular as they move into regions of higher dot density. While the intermediate level heterogeneity gives rise to organizing wave centers, the waves in regions of higher dot density are remarkably unaffected by the heterogeneity. Spiral waves do not occur spontaneously in homogeneous media. In homogeneous BZ systems, they form at either physically or chemically induced wave breaks (1, 3) . Special initial conditions, such as crossfield stimulation (4, 22) or wave initiation in the vulnerable region of a preceding wave (23) can also give rise to spiral waves. In biological excitable media, however, spiral waves appear spontaneously without special initial conditions or induced wave breaks. The most common explanation for their occurrence involves the heterogeneity in refractoriness of the medium (24) , although it is now known that impenetrable obstacles may also lead to spiral wave formation (25) . Spiral waves and rotating wave segments also arise in heterogeneous systems from the interaction of cells or clusters of cells with different oscillatory frequencies. The experiment and simulation shown in Fig. 3 uti-SCIENCE * VOL. 269 * 29 SEPTEMBER 1995 lized oscillatory media, initially homogeneous throughout the system. Each catalyst pattern exhibited bulk oscillations, with spurious wave initiations occurring at higher frequency sites, which were located in the smaller catalyst regions and at the catalyst boundaries. The resulting loss of synchronization gave rise to the rotating wave sources shown in the experimental and calculated images (26) . Several mechanisms could give rise to spiral waves in such asynchronous oscillatory media, for example, wave initiation in the vulnerable region of a precursor wave. The spiral waves in Fig. 1,  A and B, also appeared spontaneously, and such spiral organizing centers were common in all the patterned media. Spiral centers form spontaneously in other cellular media, including the slime mold D. discoideum (8) and a catalyst-bead BZ system (27) .
Polygonal wave patterns have also been observed in the reaction of NO + H2 on Rh(110), where state-dependent diffusion anisotropy gives rise to wave deformations (28) . Elliptical waves are observed in heart tissue as a result of different propagation velocities along the long axis of the cells and in the transverse direction (4). The printed BZ-membrane system, with welldefined and easily varied catalyst patterns, offers a convenient and versatile system for the study of anisotropy and cellular inhomogeneities in excitable media. Our study has shown that inhomogeneities on small length scales strongly influence global wave behavior, giving rise to patterns with pronounced anisotropy as well as spontaneous spiral wave sources. Such effects are undoubtedly present in the cellular media of excitable biological systems.
The first serious studies of replicator neural networks were carried out by Kohonen (1) during the 1970s. Ackley, Hinton, and Sejnowski (2) later considered the "encoder problem" for Boltzmann machines. In 1986, Cottrell, Munro, and Zipser (3) developed a replicator network version of the multilayer perceptron neural network (4). This report focuses on a three hidden layer version of this last architecture. In the following, a data vector is defined as a point x = (xl, x2, ... , X,.) in T-(for example, the brightnesses of pixels in an m-pixel image tile or m regular time samples of a sound stream). A source is a statistical process that supplies data vectors that belong to a compact measurable subset A of 9Sm, where the a priori probability of a data vector x being supplied is governed by a regular probability distribution gu (5) on 9im with ,u(A) = 1 (a distribution defined on A). The case where m is large (say, m > 1000) is particularly interesting because many-dimensional data vectors allow high compression ratios.
Although the term replicator neural network is intended to apply to all autoassociative neural networks with compressed internal representations, for simplicity it will be used primarily in the following restricted sense. A replicator neural network is a multilayer perceptron with three hidden layers (see Fig. 1 ) that meets the following conditions [using the notation of (6) (Fig. 2) 
